The evidence is reviewed for 'low' level lead exposure being an important contributive factor in the development of a wide range of diseases and conditions. "Classical" lead poisoning is not discussed. Also discussed are the other various contributive factors in the genesis of disease. A call is made for doctors to take into consideration these factors when considering their patients and disease processes, and for scientists to take responsibility for informing the non-scientific community of the hazards of lead and other toxins.
INTRODUCTION
For centuries it has been recognized that lead is toxic to the human metabolism. This review does not concern itself with the signs, symptoms and treatment of the potentially fatal'classical' lead poisoning as these are dealt with adequately in any standard medical text; what is discussed, in the light of more recent evidence, are the more subtle detrimental effects of chronic 'low' level lead exposure; by 'low' level is meant a level insufficient to produce 'classical' lead poisoning. Also reviewed are those factors, primarily, but not exclusively, nutritional, that tend to enhance the toxicity of such 'low' levels of exposure. There is an ever increasing body of evidence implicating chronic 'low' level lead exposure as a significant causative or contributive factor in the development of a wide range of health problems (Table 1) . 
THE CURRENT LEVEL OF LEAD POLLUTION
Lead is present in the Earth's crust in small concentrations but for centuries man has been mining it and disseminating it throughout his environment (Schroeder, 1973) . The degree of contamination is so great that the average Westerner has a total body lead burden some 500-1000 times greater than the 'natural' background levels encountered by Pre-technological Man (Patterson, 1980) . Further studies of the lead content of polar ice and remote oceanic waters indicate that worldwide lead pollution has occurred and is occurring to a degree that represents a threat to the ecological stability of the entire biosphere (Patterson, 1980) . While significant lead pollution in remote areas has been documented, far higher levels are encountered in populated areas (see Table 2 for main sources).
Since lead has been so widely disseminated throughout our environment and all of us are exposed to levels far greater than 'natural' levels, an appreciation of its potential toxic effects is imperative if we are considering the health of the population as a whole, or individual specific cases. American biochemist Roger Williams was the first formally to present the idea that each individual had a unique biochemical make-up which precluded generalisations relating to individual requirements for nutrients. Each individual's genetic make-up and environmental challenge is unique (Williams et al., 1950; Williams, 1956 Williams, , 1971 . This concept has immediate relevance when considering the role that lead plays in the genesis of disease.
Illness is seldom due to a single causative factor but is more often the result of a complex interwoven web of different influences. When considering the effects of chronic "low" level lead exposure it is important to bear this in mind, otherwise the causative relationships between lead and disease are confounded by a multiplicity of psycho-social and physical factors. Much of the clinical research has focused to some degree on the confounding psychosocial variables (Needleman, 1979 (Needleman, , 1980 (Needleman, , 1981 Yule and Lansdowne, 1981, 1982) but has failed to take into consideration any confounding physical factors (see Table 3 ), though nutritional factors are occasionally considered Mahaffey, 1983; Pfeiffer, 1978; Sanstead, 1977; Sorrell et al., 1977) .
One must bear in mind that the various factors listed in Table 3 may have an additive or synergistic effect resulting in a pathological process. This applies to any aspect of clinical medicine and not just the role lead plays. Any doctor dealing with patients, who does not maintain an awareness of these various factors influencing the metabolism of his or her patients will make wrong diagnoses and initiate inadequate, inappropriate, wrong or destructive treat-136 ments. Unfortunately, this tends to occur too frequently. 
MECHANISMS OF ACTION OF LEAD
Lead is a divalent cation and is therefore likely to interfere with normal function of other trace elements and physiologically important cations ( Table 4 ). The evidence for the mechanisms by which lead acts as a neurotoxin has been recently reviewed (Silbergeld, 1983a) . TABLE 4 SOME MECHANISMS OF ACTION OF LEAD 1. Inhibition of zinc dependent enzymes 2. Inhibition of peripheral (not CNS) neuronal uptake of calcium 3. Increased uptake of tyrosine (dopamine precursor) by synaptosomes 4. Inhibition of adenyl cyclase activity 5. Influence on uptake and release of CNS neuro-transmitters (GABA, acetylcholine, dopamine) 6. Inhibition of Na-K ATP-ase 7. Increased calcium retention by mitochondria and microsomes 8. Reduced calcium influx into nerve endings (From Silbergeld, 1983a) .
Since lead inhibits zinc dependent enzymes, and there are at least 100 such enzymes so far documented, the potential effects are legion; this is doubly important since zinc deficiency is probably widespread in the general population. (Pfeiffer, 1978; Ballentyne, 1978) . Its effect on haem metabolism is well known. Some of the possible mechanisms of the toxicity of lead are well reviewed (Silbergeld, 1983a; Goyer and Mushak, 1977) . The way in which lead/ nutrient interactions occur have been described by Sanstead (1977) .
Most emphasis has been placed on the effects of lead on behaviour and learning ability in children. However interest is developing in the effect of 'low' levels of lead as an important contributive factor in the development of a number of conditions such as immune dysfunction, cardiovascular disease, birth defects, cancer, depression and schizophrenia.
THRESHOLD OF TOXICITY
For decades it has been held that there is a threshold of toxicity for lead (as well as other toxins). Since lead is a potent toxin, and it has not been demon-137 strated that lead is essential for mammalian cells, the wisdom of such a view should be brought into question. With technological advancement comes the ability to perceive more subtle effects; thus if there is no lead threshold (as seems likely), the point at which no toxic effect can be observed from lead will inevitably be reduced, as more sophisticated studies are conducted. Indeed, two such studies Benignus, 1981) failed to show a threshold effect for lead in computerised analyses of EEG spectra on children exposed to lead. Silbergeld states clearly of lead: 'understanding its toxicity does not involve determining a relationship between the minimum requirements of nutrition and the toxic effects of excessive exposure. This dysfunction is necessary in investigating the toxicity of such metals as copper and manganese, which, depending on dose, are essential trace elements or neurotoxins. In addition, lack of biological essentiality must suggest that there is no threshold for the toxic effects of lead at specific cellular sites of action' (Silbergeld, 1983a) .
LEAD EFFECTS AT VARIOUS POINTS IN THE LIFE CYCLE
The various different points in the life cycle at which lead can exert its effect are listed in Table 5 . The fact that lead is a potent neurotoxin means that its most profound neurological effect occurs at that point in the life cycle when the central nervous system is at its most vulnerable. Thus it is not surprising that major CNS effects appear to occur when the CNS is developing, that is during intra-uterine, and the first two years of life. Lead inhibits synaptogenesis (interconnection of neurones) and, at this stage, lead has major CNS teratogenic effects. These have recently been reviewed (Silbergeld, 1983b; Bryce-Smith and Stephens, 1981) . Moore and co-workers showed that mentally retarded children had had a higher blood lead at birth than controls . 
CHILDHOOD HYPERACTIVITY AND LEARNING AND BEHAVIOURAL DISORDERS
Increased body lead burdens have been associated with learning and behavioural disorders. David was the first to document an association between hyperactivity and blood lead levels (David et al., 1972) and he went on to show that treatment to reduce lead levels resulted in an improvement in classroom performance (David et al., 1976; David et al., 1983) . Needleman showed that body lead burdens, as judged by dentine lead levels, correlated well with I.Q. and functions of classroom performance (Needleman et al., 1979) . Furthermore he was able to determine with a high degree of reproducibility which children had high dentine lead by looking at their EEG spectra . Further studies using hair lead levels as an indicator of lead exposure have shown an association between hair lead and learning disability, poor cognitive 138 function or 'minimal cerebral dysfunction' (Hansen et al., 1980; Thatcher et al., 1982; Pihl and Parkes, 1977) . None of these studies took into consideration nutritional status and/or diet.
PRECONCEPTIONAL AND ANTENATAL INFLUENCES OF LEAD
Much of the work that has been done on the influence of lead exposure on the mother and father prior to conception has been done on animals. These influences on animals and humans have been reviewed recently (Bryce-Smith and Stephens, 1981) . The role of lead in the antenatal period has also been reviewed (Bryce-Smith and Stephens, 1981; Silbergeld, 1983b; Wynn and Wynn, 1982) .
Pregnancy and la:ctation are particularly important periods since requirements for 'protective' nutrients such as Vitamin D, iron, zinc, calcium (Recommended Daily Allowances, 1980) are known to be increased. The potential for lead toxicity is then increased, especially since zinc is so often deficient in the diet.
ADOLESCENCE
Adolescence is a period when hormonal changes occur and the individual requirements for calcium and zinc are increased (Prasad, 1978; Pfeiffer, 1978) leading to a higher potential for lead toxicity. Lead has been implicated in the development of criminal and delinquent behaviour (Bryce-Smith and Waldron, 1974; Schauss, 1980) . It tends to occur in socioeconomic groups that are more subject to dietary deficiencies of 'protective' nutrients.
ADULTHOOD

(a) Mental
Little attention has been given to the role of 'low' level lead in the development of mental symptoms that require treatment. In view of the vast sums of money spent in the West on psychotropic drugs, the search for common aetiological factors is of paramount importance. Lead fulfills many of the criteria as a significant factor. This was first suggested by Schroeder (Schroeder, 1973 (Schroeder, , 1974 and further discussed by Pfeiffer (Pfeiffer, 1978) .
(b) Cardiovascular Disease
Disease of the cardiovascular system has reached pandemic proportions in the Western world. While dietary, genetic, lifestyle and psychosocial factors play an important part in the pathogenesis of cardiovascular disease, the mechanisms involved in its aetiology can only be explained by consideration of the factors involved (see Table 3 ). In the United Kingdom, cardiovascular mortality and morbidity is most prevalent in areas where the lead content of tap water is highest and the concentration of the protective nutrients calcium and magnesium is lowest (references cited in Moore, 1983) .
Chromium exerts a protective effect against lead toxicity (cited by Sanstead, 1977) . The association between chromium deficiency and cardiovascular disease has been documented (Abraham et al., 1980) , reviewed (Boyle et al., 1977) and been admirably demonstrated on the basis of coronary angiographic studies (Newman et al., 1978) . Chromium supplementation has been shown to have a beneficial effect on glucose tolerance and the protective HDL cholesterol (Offenbacher and Pi-Sunyer, 1980; Riales and Albrink, 1981) . Chromium has been shown to be deficient in the highly refined carbohydrate diet common in the West (Schroeder, 1973 (Schroeder, , 1974 Prasad, 1978) . This diet is known to be associated with an increased incidence of cardiovascular disease;· it is also deficient in other lead-protective nutrients. 139
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A high animal fat diet tends to increase dietary requirements for various leadprotective nutrients (calcium, magnesium, zinc) . A high fat diet is also known to be associated with an increased incidence of cardiovascular disease. Zinc is involved in the production of the cardia-protective prostaglandin elements (Horrobin, 1982) and lead is known to inhibit these pathways. Although this evidence is circumstantial, it suggests that lead exposure is an important contributive factor in the genesis of cardiovascular disease. This has been discussed elsewhere (Walker and Gordon, 1982) .
(c) Cancer
The degree to which lead may contribute to the development of cancer has been reviewed (Bryce-Smith and Stephens, 1981; Blumer and Reich, 1980) .
(d) Immune Dysfunction
Lead is known to impair immune function. The degree to which lead in addition to refined carbohydrates, cadmium and petrochemical derivatives produce this effect has not been assessed clinically in Man. Animal experiments have however been sufficiently conclusive Blakley and Archer, 1981; Neilman et al., Faith et al., 1979) to prompt the following statements from the workers concerned:
'Suppression of the immune system by lead and cadmium could render a host more susceptible to infectious disease. Since these two compounds have a direct effect on the B-cell, and the B-cell is the precursor of antibody producing cells, these compounds could be detrimental to health. Therefore environmental and industrial exposure of humans should be minimised since subclinical doses may enhance the genesis of disease' (Koller and Brauner, 1977) , and 'chronic low level lead exposure may be more undesirable than previously thought, since it is conceivable that it leads to immunosuppression in humans as well as rats.' 
(e) Vague Symptoms
The degree to which 'low' level lead exposure contributes to the development of vague symptoms such as lethargy, tiredness, aches and pains, depression, susceptibility to infections has not been fully assessed clinically. That it may be contributary has been postulated by some workers (Walker and Gordon, 1982; Schroeder, 1974) .
ASSESSMENT OF LEAD BURDENS (TABLE 6)
Lead inhibits the utilisation of many nutrients, although an adequate supply of these provides some protection against its toxic effects ( Table 7) . Measurement of lead levels in isolation therefore does not provide an adequate measure of the toxic effect of a given lead burden. As a result a child severely deficient in zinc, calcium and iron may be suffering from the toxic effects of a relatively low level of lead exposure. Papaioannou et al., 1978; 2. Spivey Fox, 1975; 3. Mahaffey & Michaelson, 1980 (Excellent Review Article); 4. By way of calcium/magnesium/phosphorus interactions; 5. Watson et al., 1980; 6. Sanstead, 1977 (Excellent Review Article) .
Blood lead levels seem to be the most commonly utilized clinical parameter of 'lead toxicity' but this has its shortcomings (Vitale et al., 1975) . A normal blood lead level is no guarantee of freedom from lead toxicity and workers have proposed a 'provocation chelation urine test', a method whereby oral dpenicillamine or intramuscular EDT A is administered and the urinary excretion of lead is assessed (Rosen, 1983; Saenger and Rosen, 1982) .
Enzyme inactivation is an important method of assessment but the ALA dehydratase activity is so frequently found to be inhibited that it has its limitations in clinical use.
Hair lead levels have been considered extremely useful (Kopito et al., 1969; Cranton et al., 1982; Bland, 1979 Bland, , 1981 especially since many laboratories measuring lead hair levels also measure hair calcium, zinc, chromium, as well as other toxic metals such as cadmium and aluminium. In this way a more full nutrient/toxic metal assessment can be made and further tests requested if confirmation is needed. As a screening tool, hair element measurement is very useful.
Sweat lead levels have also been used (Shiels, 1954; Hohnadel et al., 1973) but these have only recently been used routinely clinically (Howard, 1983 ) and seem promising. Other methods less invasive such as soft x-ray fluorescence
are not yet in routine use (Wielopolski, et al., 1983) .
Teeth and bone have been used in research studies but do not lend themselves to routine clinical use.
DEALING WITH LEAD AS A TOXIC HAZARD
Prevention is better than cure. It is evident that we should prevent lead from accumulating in our environment; however, once lead toxicity has been clinically diagnosed it is imperative that 'concentrated' sources be rigorously avoided. Gastrointestinal absorption can be reduced by the use of specific dietary substances such as pectin and protection afforded by adequacy of protective nutrients ( Table 8 ). The medical treatment of lead toxicity is beyond the scope of this review. 
CONCLUSIONS
That lead is a potent metabolic inhibitor is not disputed by anyone. What is disputed are: (a) the precise mechanisms by which it exerts its effects, (b) the 141 range of effects that it produces at 'low' levels and (c) the degree to which we should limit its dissemination throughout our environment. Leading investigators of the detrimental effects of lead on the human and mammalian metabolism may disagree on points (a) and (b). However there is a level of unanimity seldom encountered in the scientific community as regards a single point: namely that Man as a species is foolishly disseminating a poison throughout his environment which inhibits the 'survival potential' of his species. Such an action can only be considered unintelligent.
Lead is not the only pollutant that we wantonly spread into the environment: we pollute our foods with metabolically unnecessary (yet potentially toxic) food additives (colourings and flavourings) and other potentially toxic yet 'useful' substances whose safety has not been proven (antioxidants, preservatives, insecticides, pesticides and herbicides).
This paper calls on the scientific community to take full responsibility for drawing the attention of politicians, legislators, educators, doctors, industry and the lay public to the fact that there are not only nutritional factors which can protect against the toxic insult of a twentieth century environment, but also there are certain steps which can be taken to create a safer environment for ourselves and future generations.
